We use the latest cosmic microwave background (CMB) observations to provide updated constraints on the dark matter lifetime as well as on p-wave suppressed annihilation cross sections in the 1 MeV to 1 TeV mass range. In contrast to scenarios with an s-wave dominated annihilation cross section, which mainly affect the CMB close to the last scattering surface, signatures associated with these scenarios essentially appear at low redshifts (z 50) when structure began to form, and thus manifest at lower multipoles in the CMB power spectrum. We use data from Planck, WMAP9, SPT and ACT, as well as Lyman-α measurements of the matter temperature at z ∼ 4 to set a 95% confidence level lower bound on the dark matter lifetime of ∼ 4 × 10 25 s for mχ = 100 MeV. This bound becomes lower by an order of magnitude at mχ = 1 TeV due to inefficient energy deposition into the intergalactic medium. We also show that structure formation can enhance the effect of p-wave suppressed annihilation cross sections by many orders of magnitude with respect to the background cosmological rate, although even with this enhancement, CMB constraints are not yet strong enough to reach the thermal relic value of the cross section.
I. INTRODUCTION
The temperature and polarization fluctuations of the cosmic microwave background (CMB) are sensitive to all redshifts since recombination, and the large correlation between temperature and polarization at low multipoles suggests rescattering of CMB photons at low z. Much of this can be attributed to reionization by stars, but extra energy injection into the intergalactic medium (IGM) at late times can increase correlations on large scales. As is well known, observations of the CMB set severe constraints on weakly interacting massive particles (WIMPs) models for dark matter (DM) candidates with masses in the GeV mass range and below . In most of the studies on DM annihilations, the CMB constraints have been typically derived assuming that the annihilation cross section times the relative velocity, σv, is constant, i.e., s-wave annihilations (see Refs. [33, 34] for the latest results). In this case, CMB mostly constrains the new sources of ionization and heating due to the products of annihilations of the homogeneous background DM distribution around the epoch of recombination. Furthermore, in the framework of constant σv and when halo formation based on N-body simulations is considered, the CMB bounds are not influenced by late-time effects such as DM clustering in structures [33] (see also Refs. [11-13, 16, 17, 20, 21, 24, 26] for other results).
In this paper, we turn our attention to two DM scenarios whose effect on the CMB is expected to be driven by late-time (z 50) physics. We first revisit and update the case of DM decay [1, 30] assuming that it accounts for the entire DM relic abundance. Hence, the DM lifetimes τ χ considered here are assumed to be larger than the age of the Universe. The second scenario studied in this paper is the case of DM species with a velocity-suppressed annihilation cross section, specifically σv bv 2 . In the non-relativistic limit, the cross section may be expanded as σv = a + bv 2 + O(v 4 ), with constant a and b which govern the s-wave and p-wave contributions, respectively. This gives rise to an averaged annihilation cross section times the relative velocity σv and a DM relic abundance Ω DM h 2 of the following form [36] [37] [38] : 
when limiting the expansion in velocity to the v 2 contribution. In Eq. (1), x FO ≡ m χ /T FO , where m χ is the DM mass and T FO is the temperature at which freeze-out (or chemical decoupling) occurs, g * refers to the number of relativistic degrees of freedom at the time of freeze-out. Eq. (1) implies that s-wave annihilating DM requires σv FO ∼ 3 × 10 −26 cm 3 /s in order to account for the correct cosmological abundance (see however Ref. [39] for an accurate calculation), while DM annihilating through a p-wave channel requires σv FO ∼ 6 × 10 −26 cm 3 /s. The rate at which DM decays or annihilations heat or ionize the baryonic component of the IGM is proportional to (see, e.g., Ref. [4] )
where H(z) is the Hubble rate and n H (z) ∝ (1 + z) 3 is the density of hydrogen nuclei. In the matter dominated era, the denominator H(z)(1 + z)n H (z) suppresses energy deposition by a factor of (1 + z) −11/2 . For the background DM component, the energy deposition rate is usually expressed through
where the factor f (z), defined as f (z) ≡ Energy deposited into IGM at z Energy injected at z ,
accounts for the fact that final-state energy can stream away with neutrinos and that energy losses by final-state electrons, positrons and photons occurs via a cascade of collisions, so they may be absorbed at later times or freely stream until the present, or until they are redshifted into a window in which the IGM is less transparent. We will return to the form of f (z) in the different scenarios in Sec. II. Prior to structure formation, the smooth dark matter background contribution drives the energy injection rate (dE/dtdV ) injected . The latter is proportional to
for DM decays. This scales as (1 + z) 3 , where n χ = ρ χ /m χ the DM number density, while for DM annihilation the injection rate is proportional to
which scales as (1 + z) 6 for an s-wave dominated cross section. As a result, the redshift dependence of F(z) goes as (1 + z)
1/2 for s-wave DM annihilation cross sections whereas for DM decays, it goes as (1 + z) −5/2 . This explains why DM decays are expected to affect CMB at later times than s-wave DM annihilations. In the case of p-wave suppressed DM annihilation cross sections, the two extra powers of v in σv redshift with time as (1 + z) 2 so that the background injected energy rate goes as Γ ann ∝ (1 + z) 8 /(1 + z KD ) 2 , where z KD is related to the time of DM kinetic decoupling -when local thermal equilibrium is not maintained any more by scattering with Standard Model (SM) particles -and which typically occurs well before recombination z KD z rec . This will be explored in greater detail in Sec. II B. Although such a dependence appears to severely suppress the impact of p-wave DM annihilations on CMB photons at all times, this discussion only applies for the background contribution. In contrast, we will show that the enhancement at late times of the n 2 χ and v 2 factors provided by the formation of DM halos dominates by many orders of magnitude over the background contribution. In both the case of DM decays and p-wave DM annihilations, late-time contributions to rescattering of CMB photons would mainly manifest as a modification to the low-multipole polarization spectrum of the CMB, albeit for different physical reasons.
In Sec. II, after briefly characterizing the time-dependence of energy injection into the IGM in general, we further describe our treatment of energy injection from DM decay (Sec. II A) and p-wave annihilation (Sec. II B). In order to obtain the limits for both scenarios we use the latest available CMB data, including the recent Planck data [34] , the nine-year temperature and polarization data release from the Wilkinson Microwave Anisotropy Probe (WMAP) collaboration [40] and the high-multipole CMB data released by the South Pole Telescope (SPT) [41, 42] and by the Atacama Cosmology Telescope (ACT) [43] experiments. We also add a prior on the Hubble constant, H 0 , from the Hubble Space Telescope (HST) [44] and from Baryon Acoustic Oscillation (BAO) measurements from different surveys [45] [46] [47] [48] . Finally, we also use the determination of the IGM temperature from Lyman-α observations [49] , which significantly improves the limits. Our results are presented and discussed in Sec. III and we conclude in Sec. IV.
II. ENERGY INJECTION SCENARIOS
Final-state energy produced by DM decays or annihilations can stream away in the form of neutrinos, while the daughter photons, electrons and positrons may be absorbed at later times into the IGM via different processes, which include photoionization, Coulomb scattering, Compton processes, bremsstrahlung and recombination. These effects can be written in terms of a transfer function T i (z , z, E) for each channel i = {e ± , γ}, which describes the fraction of the original particle's energy deposited into the IGM at a redshift z, for a redshift of injection z and an initial energy E, per logarithmic redshift bin d ln(1 + z). In this case, "deposition" simply means that the particles hit some threshold energy, below which their absorption into the IGM as heat or ionization energy can be considered instantaneous.
This has been computed by several authors [15, 19, 25] with Monte Carlo codes which track the evolution of "primary" particles and of their "secondary" daughters in an expanding Universe. Tabulated T i (z , z, E) have been made public 1 by Ref. [28] . Eq. (4) corresponds to a normalized integral over all previously injected energy, which can be written in a general form valid for different scenarios, as
where dNi(E,mχ) dEd ln(1+z) is the spectrum of injected particles, per comoving volume, as a function of energy and redshift for a given DM mass m χ . Omitting the redshift-independent and energy-independent proportionality factors, we have:
where
, is the energy spectrum of final-state particles per DM annihilation or decay and Γ α is defined in Eqs. (5) and (6) and scales as (1 + z) 3 , (1 + z) 6 and (1 + z) 8 for decaying, s-wave and p-wave annihilating dark matter species, respectively. The energy spectrum of decays and annihilations into e + e − and µ + µ − is computed as in Ref. [33] and for the τ + τ − channel we use the publicly available results 2 of Refs. [50, 51] . In the present work, we use the T i (z , z, E) functions obtained in Ref. [28] . Note, however, that these results neglect heating from proton and antiproton final-state particles, which may account for up to 20% of the deposited energy for some channels [31] . This effect would change the CMB bounds on DM at the 10% level. It was also recently pointed out that errors in the standard computation of f (z) may introduce systematic uncertainties that could weaken constraints [52] , although in practice the effects of these on energy injection bounds turn out to be small [35] .
A. DM decays
In general, the decay of unstable particles may affect the redshift of recombination, as well as reionization at low redshift (see e.g., Refs. [1, 5, 7, 8, 23, 28, 30, 53, 54] ). The rate of energy per unit volume liberated by such an unstable cosmological species χ reads
and depends linearly on its number density, n χ = Ω χ ρ c (1 + z) 3 /m χ , where Ω χ is the contribution of χ to the critical density ρ c , and φ SM is the fraction of its mass that goes to into SM particles when decaying (while (1 − φ SM ) would go to some other dark sector species). Here we assume that χ accounts for all the DM such that Ω χ = Ω DM,0 , it fully decays to SM particles (φ SM = 1) and has a lifetime τ χ t U where t U = 4.34 × 10 17 s is the age of the Universe. To consider particles with significantly shorter lifetimes, one would include an exponential factor in (9) to parametrize the species' depletion.
In practice, we have used CosmoRec package [18, [55] [56] [57] [58] [59] [60] in order to compute the changes in the ionization history. CosmoRec includes a subroutine that modifies the evolution equations for the IGM temperature and for the net ionization rate from the ground states of neutral hydrogen and helium, which depends on the energy deposition by the DM. In the case of DM decays, inspired by Ref. [18] , we use the parametrization
where n H (z) = 1.9 × 10
3 is approximately the number density of hydrogen nuclei in the Universe. Analogously to Ref. [33] , we define an effective f dec (z, m χ ) averaged over redshift which depends on the DM mass only and allows us to simplify the numerical analysis. This allows for constraints computed with a given final state and z-dependence to be rescaled for each value of the DM mass. However, the redshift dependence of f dec (z, m χ ) in the case of decays is much more pronounced than for annihilations and, for masses above ∼1 GeV, it is not possible to accurately reproduce the free electron fraction x e (z) with a constant f eff (m χ ) for each DM mass, in turn causing effects at intermediate redshifts to be underestimated when using the parametrization in Ref. [33] . Nevertheless, the injection of additional energy broadens the last scattering surface by increasing the residual ionization, without slowing recombination [4] . This is reflected in the visibility function,g(z) = −τ e −τ , where τ is the optical depth and indicates the derivative with respect to the conformal time, η. Whereas around recombination, the visibility function is approximately the same with or without the small energy injection from DM, below z max 600 − 800 (depending on the decay channel and lifetime), energy injection creates a longer tail ong(z). At these times, the optical depth is very small, so the exponential factor ing(z) is approximately one, and the visibility function is g(z)
−τ ∝ x e (z)(1 + z) 2 . By using the redshift dependence of x e (z) [33] , we can defineg eff with f eff,dec (m χ ) determined by imposing
dηg eff (η), which reads
where Γ dec is defined in Eq. (5). We have checked that for χ → e + e − , f eff,dec (m χ ) leads to constraints within 5% of those computed using the full f dec (z, m χ ), for values of m χ sampled in the full range considered, between ∼2 MeV and 1 TeV, using z max = 800. For decays to µ + µ − and τ + τ − , constraints obtained with Eq. (11) are within 20% and 15% of those obtained with f (z, m χ ), respectively. In both cases we use z max = 600. Tabulated values of f eff,dec (m χ ) for these three decay channels are given in Appendix A 3 . In Fig. 1 , we show the resulting free electron fraction x e (z) as a function of the redshift from the recombination period with and without extra energy injection by DM. The light blue band is shown for reference and corresponds to the Planck 95% confidence level (CL) determination 4 of the optical depth to reionization τ reio = 0.089
−0.024 (in the absence of a DM contribution). In the left panel of Fig. 1 , the three other curves illustrate the impact on x e (z) of a 50 MeV DM candidate decaying 100% into electron/positron pairs with three different lifetimes. In addition to the DM contribution, a simplified model for reionization from stars at z reio = 7, as implemented in the CAMB code [61] , has been taken into account in each case (in the standard case in which reionization is induced by star formation only, current cosmological measurements indicate z reio ∼ 11 [34] ). However, let us note that for our Monte-Carlo-generated constraints, we leave the redshift of reionization as a free parameter, as indicated below. As expected, the effect of long-lived decaying DM becomes important at late times and, as we shall illustrate, lifetimes such as τ χ = 10
25 s are clearly excluded by CMB data for a 50 MeV DM candidate decaying into e + e − .
B. DM p-wave annihilations
The second scenario that we examine involves DM annihilating predominantly through p-wave processes, i.e., σv bv 2 with constant b. In this case, the total deposited energy is parametrized as
where the first term in the square brackets accounts for the background DM contribution and the second term for the halo contribution, with ρ χ = Ω DM,0 ρ c . We have written the p-wave suppressed annihilation cross section σv
The background component is proportional to f p (z, m χ ), defined in Eq. (7) with Γ α of Eq. (6) scaling as (1 + z) 8 . We made use of the fact that, after the time of kinetic decoupling, the temperature of non-relativistic species in an expanding Universe goes as T ∝ (1 + z) 2 so that, using equipartition of energy, v 2 is related to
In this work, we present our results for v ref = 100 km/s, since that is the order of the dispersion velocity of DM in halos today and is thus the relevant quantity for comparison with indirect DM searches. In the case of the halo 
Background DM contribution
One can estimate z ref , the redshift at which the root mean square velocity v rms ≡ v 2 of the background DM is equal to v ref , as a function of the redshift of kinetic decoupling z KD and the corresponding temperature T χ (z KD ) = T KD . Using Eq. (13) and equipartition of energy for an ideal gas,
Furthermore, one can express z KD in terms of T KD and the CMB temperature by using the fact that DM was in thermal equilibrium with the CMB at the time of kinetic decoupling,
where T CMB,0 = 0.238 MeV is the temperature of the CMB today. Combining Eqs. (14) and (15),
The temperature of kinetic decoupling is model-dependent and has been computed by several authors on a caseby-case basis [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . Of interest for the annihilating DM scenario considered here, Ref. [76] considered fermionic DM candidates annihilating into SM leptons through effective interactions suppressed by an energy scale Λ that give rise to p-wave suppressed annihilation cross section for scalar type interactions. In this case, assuming that the DM mass is much larger than the final-state lepton mass, Ref. [76] obtained a temperature of kinetic decoupling
For the second equality above, we have taken g eff 100 (relativistic degrees of freedom at T KD ), g χ = 2 (internal degrees of freedom of the DM particle) and Λ was chosen so that the annihilation cross section at the time of freezeout matches σv = 6 × 10 −26 cm 3 s −1 . The value of T KD obtained by Ref. [76] considering the case of vector type interactions giving rise to an s-wave annihilation cross section only differs from the p-wave case by a few percent. As an additional example, the kinetic decoupling temperature for neutralino DM from Ref. [64] is estimated to be
Thus, in general, kinetic decoupling occurs at a later stage than chemical freeze-out, which takes place at T FO m χ /20. Combining Eq. (17) with Eq. (16), one can see that the background contribution in Eq. (12) is severely suppressed at redshifts z ∼ 10 3 and below, even for f p (z, m χ ) = 1. In fact, the suppression of the background contribution at the epoch of recombination, combined with the velocity enhancement at late times in DM structures, makes the halo contribution g p (z, m χ , v ref ) in Eq. (12) dominate the energy deposition history by many orders of magnitude, in contrast to the case of s-wave annihilations. This is discussed in the following section.
Halo contribution
At late times, the formation of halos not only enhances the DM average squared number density n 2 χ , but also the average of the square of the DM particles relative velocity, v 2 . This is simply due to a transfer of gravitational potential energy into kinetic energy of the individual particles that make up each halo. In order to illustrate the importance of the halo contribution, we define an effective DM density
for s-wave dominated annihilation [16] , and analogously
for p-wave dominated annihilation. Both effective DM densities depend on a dimensionless halo contribution defined as
for s-wave annihilation [33] , and as
for p-wave annihilation. In both cases, dn(M, z)/dM is the halo mass function and ρ halo (r) is the density profile of each individual halo with virial radius r ∆ . Here we use the results of N-body simulations from Ref. [77] for the halo mass function and from Ref. [78] to obtain the relation of the concentration parameter to the halo mass assuming a Navarro, Frenk and White (NFW) DM density profile [79] for each individual halo. In Eq. (22), the extra factor of v 2 (r) /v 2 ref accounts for the halo-dependent velocity boost. The angular brackets represent an average over the square of the DM velocity distribution in the halo, which we take to follow a Maxwell-Boltzmann distribution.
The energy injected into the IGM at a given redshift from the annihilation of DM particles, both by the background and the halo DM contributions, depends on ρ 2 eff , which is depicted in Fig. 2 for s-wave and p-wave annihilations. This figure clearly illustrates that, while the overall energy injected from DM is smaller in the p-wave case, the relative contribution from halos is much larger than in the s-wave case, providing a potentially distinct imprint in the CMB power spectrum.
Let us note that the changing fraction of the Universe's DM that is contained in halos, φ halo (z), is defined as dM M dn/dM = φ halo (z)ρ χ (z). To account for this, the first and second terms in parentheses in Eqs. (19) (20) should respectively be multiplied by (1 − φ halo ) 2 and φ halo . However, G is a rapidly growing function that is correlated with φ halo . This means that the interval during which both terms are important is short and, to first approximation, this correction can be ignored.
For the purpose of simplifying our numerical analysis, the total halo contribution in Eq. (12), including energy deposition efficiency effects, can be approximated by 
In Appendix B we provide the steps to compute the complete halo contribution, along with a fitting formula that approximates this quantity, which we use to compute the exclusion regions presented in Section III. Finally, we note that this approach does not include the additional effect of substructure, which could serve to boost the late-time signal from annihilating DM -and thus tighten constraints -even further.
Since the background contribution to ionization by p-wave DM annihilations is highly suppressed, the halo contribution, which begins with structure formation around z ∼ 50, would dominate any observable effects. In the right-hand panel of Fig. 1 , we show the free electron fraction x e (z) as a function of the redshift with and without DM contributions. Again, the light blue band corresponds to Planck results in the absence of a component from DM annihilation. The three other curves show x e (z) due to a 5 GeV DM candidate which fully annihilates into e + e − through a p-wave suppressed process. We simultaneously consider reionization by stars at z reio = 7, which cannot account for Planck results by itself. In Fig. 1 we see that, for instance, if σv ref ∼ 10 −22 cm 3 , a mixed DM-stars reionization scenario matches CMB data (although a larger z reio ∼ 9 is actually necessary to get a good agreement with CMB data with such a cross section). 
III. RESULTS
In this section we present the results of our Markov Chain Monte Carlo (MCMC) studies for both DM decays and p-wave annihilations. For each DM mass m χ , the parameters considered in these two MCMC analyses are
where ω b ≡ Ω b,0 h 2 and ω DM ≡ Ω DM,0 h 2 are the physical baryon and cold DM energy densities today, Θ s is the ratio between the sound horizon and the angular diameter distance at decoupling, z reio is the reionization redshift, n s is the scalar spectral index, A s is the amplitude of the primordial spectrum, and τ χ and σv ref are the DM lifetime and the p-wave cross section times the relative velocity (for a reference value v ref ), respectively. We make use of the Boltzmann code CAMB [61] as well as the publicly available MCMC package cosmomc [80] with the recombination module CosmoRec [18, [55] [56] [57] [58] [59] [60] . We show in Tab. I the flat priors on the above parameters.
We have performed an analysis with the WMAP9 data [40] (temperature and polarization) combined with SPT data [41, 42] , which includes nuisance parameters related to the Sunyaev-Zeldovich amplitude, A SZ , to the amplitude of the clustered point source contribution A C , and to the amplitude of the Poisson distributed point source contribution A P . We have also separately included high multipole data from the ACT CMB experiment [43] , obtaining very similar constraints to the case with SPT, which we do not show. In addition to CMB measurements, we include a prior on the Hubble constant H 0 from the HST [44] and BAO measurements from a number of surveys [45] [46] [47] [48] . Nevertheless, the addition of the former two external data sets does not significantly improve the results. We have also performed an analysis with the recent Planck CMB data [34] , considering the high-TT likelihood with measurements up to max = 2500, combined with the low-TT likelihood, which accounts for measurements up to = 49 and the low-( = 23) TE, EE, BB likelihood [81] by including WMAP9 polarization measurements. We include the lensing likelihood as well as external data from HST and BAO measurements. High multipole information from both ACT and SPT experiments is also added, this time simultaneously, following the analyses presented by the Planck collaboration. All foreground parameters have been marginalized over as in Ref. [34] .
Following previous works [16, 26, 33] , we have also considered the IGM temperature as an additional constraint. Lyman-α observations indicate that the IGM temperature is of the order of a few times 10 4 K in the redshift interval 2 < z < 4.5 [49] . Thus, the total likelihood is supplemented by the temperature likelihood, by means of a half-gaussian distribution with a mean T m = 11220 K and a standard deviation σ Tm = 8780 K at a redshift z = 4.3. In other words, we only consider temperature bounds when the IGM temperature of a given model at z = 4.3 is larger than T m = 11220 K.
In Fig. 3 we show the 95% CL limits on DM decays in the (m χ , τ χ ) plane for three different channels, which bracket the limits into other SM decay channels. Unlike what occurs in the case of s-wave DM annihilations, the measurement of the IGM temperature T m contributes significantly to the bounds and further constrains DM energy injection due to the redshift dependence of DM decays, with late injection becoming increasingly important just as bounds from the IGM temperature start to be significant. The most stringent lower limit on the DM lifetime we obtain is τ χ /f eff,dec (m χ ) 4 × 10 25 s. Let us mention that bounds from gamma-ray searches are at the level of τ χ 10 26 − 10 27 s, depending on the target region and DM mass [82] [83] [84] [85] [86] , and bounds from antiproton searches on hadronically decaying DM are slightly stronger [87, 88] . On the other hand, our limits are better than those from neutrino searches [89] [90] [91] for m χ 100 GeV. See Ref. [92] for a recent update (and a more complete list of references) on limits for unstable DM.
In Fig, 4 we depict the 95% CL limits in the (m χ , σv ref ) plane on p-wave DM annihilation cross sections for Notice that Planck and WMAP9 constraints (combined with the external data sets) are very similar. Including the efficiency f eff,dec (mχ) gives the weaker, colored constraints. We illustrate decays into e + e − (longest solid lines), µ + µ − (long dashed lines) and τ + τ − (short dashed-dotted lines). The different colors refer to the different data sets: black (blue) and violet refer to WMAP9 plus SPT'11 plus HST+BAO (plus also the prior on Tm) and to Planck plus WMAP9 low-polarization measurements plus CMB high-(ACT'10 and SPT'11) plus HST+BAO data sets, respectively. Constraints on decays into two quarks or two weak gauge bosons lie between the e + e − and τ + τ − lines.
three different channels, which bracket the limits into other SM annihilation channels. To avoid a very busy plot, we only show the limits obtained with WMAP9+SPT'11+HST+BAO (black lines and grey regions) and those with Planck+WMAP9-low +ACT'10+SPT'11+HST+BAO+T m (green lines and regions). As in the case of DM decays, the bounds from WMAP9 and Planck are very similar, and the principal source of improvement between the upper and lower limits is the addition of the prior on T m . This indicates that measurements of the IGM temperature provide a powerful tool to constrain late-time energy injection mechanisms. In spite of this, the annihilation cross sections probed in Fig. 4 are still many orders of magnitude above the cross section required for thermal production (b ∼ 2 × 10 −25 cm 3 /s), making these exclusions specifically relevant for DM which was not produced via a standard chemical freeze-out. Nevertheless, we note that in the mass range studied here, these constraints are already stronger than the general bound from unitarity arguments, applied to p-wave dominated annihilation cross sections [93] ,
Given that the dispersion velocity in halos is typically of order O(100 km/s), we have set v ref = 100 km/s, to facilitate comparison with bounds from indirect detection. As discussed above, these constraints come only from the halo contribution. Indeed, the (1 + z)
2 suppression to the annihilation rate of the homogeneous cosmological DM background means that its contribution is completely negligible as compared to the energy injected by annihilations in halos. This is indeed the opposite situation to what happens in the case of s-wave annihilations. Note that the improvements on the bounds between the upper and lower curves are mainly driven by the inclusion of Tm, rather than Planck data. A very similar result to the lower curves is obtained when adding the Tm prior to the WMAP9+SPT'11+HST+BAO data sets.
IV. CONCLUSIONS
Energy injection into the IGM may have important effects on the temperature and polarization spectra of the CMB by modifying the ionization history of the Universe after recombination. If DM annihilates or decays into SM particles, the produced high-energy electrons and photons would provide an extra source of ionization and heating that would alter the CMB. In recent years, many analyses have been performed to set constraints on the s-wave dominated DM annihilation cross section using CMB data [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Indeed, these limits are very stringent for candidates with masses below a few tens of GeV (see Refs. [33, 34] for the latest results using WMAP9 and Planck data). Likewise, late-time energy injection would raise the temperature of the IGM and this effect can be used to further constrain the maximum allowed amount of injected energy at low redshifts [16, 26, 33] .
In this work, we have examined two mechanisms by which DM would release energy into the IGM with important effects at late times: DM decays and p-wave annihilations. In order to set constraints, we have used the latest available CMB data: the recent Planck data [34] , WMAP9 polarization and temperature data [40] and the highmultipole SPT [41, 42] and ACT [43] data. We have also added a prior on H 0 from the results of the HST [44] and from BAO observations [45] [46] [47] [48] . Finally, we have also added a prior on the matter temperature obtained from Lyman-α observations at redshifts 2 < z < 4.5 [49] . Indeed, the latter prior tightens the bounds in a very significant way.
In Fig. 3 we show our results for DM decays which, using CMB data and adding the prior on T m , represent a lower bound on the DM lifetime, τ χ /f eff,dec (m χ ) 4 × 10 25 s. As decays occur increasingly with time (the DM lifetime is larger than the age of the Universe), low-multipole temperature and polarization measurements are the most sensitive ones when using CMB data.
In Fig. 4 we depict the constraints we obtain for p-wave DM annihilation cross sections. Like for decays, the main effects occur at low redshifts, although for a different reason. As DM particles begin clustering into halos, their contribution becomes more important than the background one. In the case of velocity-independent annihilation cross sections, the overall contribution from halos is smaller than that from the smooth DM background at early times, close to recombination, so the limits are set by the effects caused by the latter. However, for velocity-dependent annihilation cross sections, there is a further enhancement in the contribution from halos (see Fig. 2 ) due to the much larger velocity of particles in halos as compared to that of the background DM. Hence, the contribution from halos could even dominate the overall energy injection and it is actually the source driving the best limits by several orders of magnitude.
Since the most important contribution to observable effects in either scenario comes from late-time effects, we have found that the current determination of the IGM temperature at z ∼ 4 solidly strengthens the respective constraints on the decay rate and cross section. While the upcoming release of Planck polarization data should improve the CMB constraints, more accurate measurements of the IGM temperature would significantly improve constraints on energy injection after recombination from DM decays and p-wave annihilations. 
The squared dispersion velocity of DM particles in the halo is v 2 (r) , which depends on the DM location inside the halo is due to the p-wave dependence of the annihilation cross section parametrized as σv = σv ref (11) for DM decays, for each of the three channels considered in this work. ( * evaluated at mχ = 212 MeV; * * evaluated at mχ = 3.6 GeV). Values represented by a dash (-) are below the threshold mass 2m to produce the final state particle . Refs. [50, 51] only provide the spectra for DM masses above 10 GeV, so for decays into τ + τ − the values of f eff,dec (mχ) are obtained via extrapolation for mχ < 10 GeV.
Ref. [33] , where we refer the reader for further details, we have used the results from Ref. [77] for the halo mass function and from Ref. [78] for the halo mass-concentration relation and have assumed an NFW DM density profile [79] for each individual halo,
where r s is the scale radius and ρ s the density at that radial distance. In order to compute the annihilation rates in halos we assume that halo formation is adiabatic, i.e., that particles remain thermal as they contract and have a Maxwell-Boltzmann velocity distribution where Σ is the one-dimensional velocity dispersion (we use the notation Σ to avoid confusion with σ, the cross section). The squared velocity dispersion is then
If we assume hydrostatic equilibrium, the velocity dispersion can be found by integrating the Jeans equation
This can be done analytically with an NFW profile. The resulting distribution of the velocity dispersion is 
where x ≡ r/r s and Li 2 (x) is the dilogarithm function, the n = 2 case of the polylogarithm
We have checked that the assumption in Eq. (B8) is in reasonable agreement with the results of the N-body simulation Via Lactea II [94] . With these ingredients and the concentration parameter defined as c ∆ = r ∆ /r s , we can rewrite Eq. (B3) as
where we have defined the dimensionless integral I(x) ≡ 
For z > 0, ln(−z) and Li n (z) are complex. Taking consistent branch cuts, and noting that Im{Li n (z + i )} = π ln n−1 (z)
one can see that the imaginary parts of Eq. (B13) cancel, leaving a real expression. This expression is plotted in Fig. 5 .
For relevant values of z 50, we obtain the fit g p (z, m χ , 100 km/s) f s (z, m χ )G p (z, 100 km/s) γ p(i,mχ) Γ p (z, 100 km/s) ,
where γ p(i,mχ) depends on both the annihilation channel (i = {e, µ, τ }) and on the DM mass m χ , see Tab 
